Exposure to bisphenolic chemicals during pregnancy occurs in > 90% of pregnancies. Bisphenolic compounds can cross the placental barrier reaching fetal circulation. However, the effects of emerging bisphenolic compounds, such as bisphenol S (BPS), on placental function remain untested. The aim was to determine if bisphenol A (BPA) or BPS, at an environmentally relevant dose, impairs placental function. Pregnant sheep were randomly distributed into three treatment groups (n = 7-8/ group): control, BPA, and BPS. All animals received daily injections of corn oil (control), BPA, or BPS (0.5 mg/kg; s.c.; internal fetal doses were ~ 2.6 ng/mL unconjugated BPA and ~ 7.7 ng/mL of BPS) from gestational day 30-100. After a 20-day washout period, placentas were weighed and placentomes collected. Placental endocrine function was assessed on biweekly maternal blood samples. Gestational exposure to BPS, but not BPA, reduced maternal circulating pregnancyassociated glycoproteins without change in placental weight or placental stereology. BPS-exposed placentas had 50% lower e-cadherin protein expression, ~ 20% fewer binucleate cells, and ~ threefold higher glial cell missing-1 protein expression. BPA placentas were not affected highlighting the intrinsic differences among bisphenolic chemicals. This is the first study to demonstrate that gestational BPS can result in placental endocrine dysfunction and points to a dysregulation in the fusogenic trophoblast signaling pathway.
Introduction
Worldwide production of plastics has reached 300 million tons annually, many of which are considered to contain endocrine disrupting chemicals (EDCs). The burden of EDCs exposures has risen in the past decades (Skakkebaek et al. 2011) , and so has the concern that these chemicals may pose a risk to human health (Heindel et al. 2015) . Bisphenols are among the most prevalent chemicals worldwide (Vandenberg et al. 2010 ) used in the production of plastics and manufacturing of consumer products. Regulations on use of bisphenol A (BPA) in certain consumer products have increased the demand for other substitutes, such as bis(4-hydroxyphenyl) sulfone, commonly known as bisphenol S (BPS) (Chen et al. 2016) . BPS can be found in personal care products, food, and paper products Kannan 2013, 2014; Liao et al. 2012a) . Notably, BPS is detected in > 80% of human urine samples (Asimakopoulos et al. 2016; Liao et al. 2012b; Ye et al. 2015) and fetal cord blood (Liu et al. 2017) , and the exposure range is lower, but in the same order of magnitude to that reported for BPA (Liao et al. 2012a; Ye et al. 2015) . At the current rate, BPS may become as widespread as BPA (Liao et al. 2012a ). In fact, it has already surpassed BPA in certain geographic areas (Asimakopoulos et al. 2016; Liao et al. 2012a) .
Exposure to EDCs is of concern especially during vulnerable periods of development, such as fetal life (Schneider et al. 2014; Stel and Legler 2015) . During pregnancy, the placenta partly serves as the lungs, kidneys, liver, endocrine, and immune systems to the developing fetus and plays a critical role in ensuring normal fetal growth and development by acting as the immediate interface between maternal and fetal blood circulation (Benirschke et al. 2012) . Many factors can impair this feto-placental-maternal balance, including maternal diet, stress, lifestyle modifications, and/ or exposure to EDCs (Fowden et al. 2015; Reynolds et al. 2013; Tait et al. 2015; Vaughan et al. 2011) . Because most steroid receptors are expressed in the placenta (Fowden et al. 2015) , it is an especially vulnerable target to xenosteroids.
As it relates to bisphenolic compounds, placental studies thus far have been restricted to BPA. To date, one in vivo study reported that BPA (50 mg/kg) reduces the placental layer size (Tait et al. 2015) , while in vitro studies showed effects on placental invasion (Lan et al. 2017; Spagnoletti et al. 2015) , hydroxysteroid dehydrogenase (HSD) activity (Rajakumar et al. 2015) , expression of transporters (Sieppi et al. 2016) , and miRNA expression (Avissar-Whiting et al. 2010) . Receptor affinity differences among bisphenols (Rosenmai et al. 2014 ) and the emerging use of other bisphenols (BPB, BPE, BPF, and BPS) warrant their study as it relates to their impact on placental function. Among all BPA analogues, BPS is the most distinct compared to BPA with the weakest estrogenic and anti-androgenic activity, but the highest progestogenic activity (Grignard et al. 2012; Molina-Molina et al. 2013; Rosenmai et al. 2014) . These marked functional differences call for toxicological risk assessment of BPA analogues. Thus far, toxicological studies of BPS during prenatal life have been restricted to water flea (Chen et al. 2002) , zebrafish (Ji et al. 2013; Kinch et al. 2015; Naderi et al. 2014) , rats (Castro et al. 2015) , and mice LaPlante et al. 2017 ), but there is virtually no information on the effects of BPS on placental function.
The unique structure of the placenta allows for the transfer of gases, water, inorganic and organic molecules, including hormones. The placenta's endocrine capacity is responsible for the majority of maternal and fetal circulating progesterone, which holds a key role in pregnancy maintenance for most mammalian species (Wooding and Burton 2008a) . In humans, progesterone is synthesized by the placental syncytiotrophoblast, which forms the outer most layer of the chorionic villi where feto-maternal exchange occurs. The syncytiotrophoblast forms by fusion of villous cytotrophoblasts, which are located basal to the syncytiotrophoblast layer. E-cadherin-expressing cytotrophoblasts in contact with neighboring cytotrophoblasts can form adherens junctions. These junctions allow for cell-to-cell transfer of pro-fusogenic transcription factors, such as glial cell missing factor 1 (GCM1), which in turn regulate the activation of the protein syncytin-1, encoded by endogenous retrovirus envelope genes (ERVW) (Black et al. 2010; Huang et al. 2014 ). Syncytin-1, then, promotes cytotrophoblast homokaryotic fusion events, forming the multinucleated syncytiotrophoblast layer.
Because of the complexity of the placenta, EDC studies on placental function to date are limited, and often rely on placental cell studies that utilize either human primary cultures or cell lines (Gorrochategui et al. 2014; Huuskonen et al. 2015; Meruvu et al. 2016; Vitku et al. 2016; Zhang et al. 2015; Zhao et al. 2014) . Although in vitro approaches inform about specific pathways involved, animal in vivo studies provide a more holistic understanding of exposure effects during pregnancy. In this study, we have used a comparative in vivo approach using sheep as an animal model to understand the effects of BPA and BPS on placental function. Sheep, like humans, can be monovulatory, which reduces potential confounding factors seen in litter-bearing species, such as the intrauterine fetal position phenomenon (vom Saal et al. 1999) . Despite inherent differences in placentation between primates and ruminants (Fowden et al. 2015; Wooding and Burton 2008a) , sheep are also considered excellent models to study placental function (Fowden et al. 2015; Mourier et al. 2017) , allow for temporal monitoring of placental endocrine changes (Roberts et al. 2017) , and offer advantages critical for research that focus on the feto-maternal transfer of EDCs (Corbel et al. 2015) . Similar to the human syncytiotrophoblast placental layer, the sheep placenta also has multinucleate cells (referred to as binucleate cells) in the placental trophoblast layer (Igwebuike 2006; Wooding and Burton 2008b) . The formation of these multinucleated cells has been proposed to occur through a similar fusogenic process to that of humans involving enJSRV, another endogenous retrovirus envelope gene (Black et al. 2010; Huang et al. 2014; Koshi et al. 2012) . Additionally, these binucleate cells are responsible for the endocrine capacity of the sheep placenta, producing progesterone and pregnancy-specific glycoproteins, both of which are involved in pregnancy maintenance.
The objectives of this study were to assess if gestational exposure to the bisphenolic compounds, particularly, BPA and BPS, would result in placental disruption. Specifically, we investigated their effect on placental endocrine changes, including progesterone and pregnancy-associated glycoproteins (PAGs). In addition, we have investigated their effect on placental morphology, binucleate cell number, and expression of proteins and genes involved in trophoblast cell fusion.
Methods

Animals
All procedures used in this study were approved by the Institutional Animal Care and Use Committee of Michigan State University (MSU), are consistent with the National Research Council's Guide for the Care and Use of Laboratory Animals, and meet the ARRIVE guidelines for reporting animal research (Kilkenny et al. 2010) . The study was conducted at the MSU Sheep Research Facility (East Lansing, MI; 42.7°N, 84.4°W) using an in-house flock of a cross between Polypay × Dorset breeds. Female sheep (n = 23) at first parity were bred using a time-mated pregnancy strategy using three vasectomized rams as previously described (Pu et al. 2017) . After estrus detection by vasectomized rams, females were moved with a fertile ram; only one fertile purebred Polypay ram was used in this experiment to reduce paternal variability. Fertility of the ram had been previously tested using a breeding soundness exam. Once mated, the females were randomly assigned to the different treatment groups, blocking for body condition and weight.
Starting 3 weeks before and continuing until 30 days after breeding, breeder ewes were fed a total mixed ration to allow unlimited consumption of a diet providing an energy concentration of 2.9 Mcal/kg of digestible energy and crude protein concentration of 12%. This diet was designed to provide a level of energy and protein intake that would optimize conditions for embryo survival. From days 30-100 of gestation, energy concentration was reduced to 2.6 Mcal/kg of digestible energy. Beginning 7 weeks before lambing (100 days of gestation), ewes were fed a total mixed ration designed to maximize dry matter intake (40 and 70% neutral detergent fiber digestibility). This diet was enriched in energy (3.0 Mcal/kg digestible energy) and crude protein (14%) to exceed the requirements of fetal growth and minimize loss of maternal energy and protein reserves as previously described (Pu et al. 2017 ).
Gestational treatments
Gestational BPA and BPS treatment consisted of daily subcutaneous injections of BPA (0.5 mg/kg/day; purity ≥ 99%, Cat# 239658; Lot# MKBQ5209V; Aldrich Chemical Co., Milwaukee, WI, USA) or BPS (4,4′-sulfonyl diphenol, Cat# 146915000, Lot# A0337011, Acros Organics, Geel, Belgium) in corn oil from days 30-100 of gestation (term ~ 147 days). Control (C) mothers received corn oil vehicle. The use of a large animal model limited the study to a single dose per chemical. The internal dose of BPA achieved in umbilical arterial samples using the 0.5 mg/kg/day dose has already been published (Veiga-Lopez et al. 2013) and is targeted to produce maternal blood levels of BPA to that of the median level of BPA measured in maternal circulation of US women (Veiga-Lopez et al. 2015) . The same dose of BPS was used to match the BPA exposure dose used in the study. Although main exposure route of bisphenol exposures is oral (Liao and Kannan 2013) , the use of sheep as a model, a ruminant species, requires the use of an alternative exposure route to avoid confounding factors from ruminal metabolism. The choice of the s.c. route relates to previous work that has demonstrated that both oral and s.c. administration of BPA exhibit nearly identical phenotypes in a neonatal rat model for prostate health (Prins et al. 2011) . The window of exposure starting at GD30 was aimed to avoid confounding effects during early embryonic development and implantation. In addition, the discontinuation of exposure at GD100 allowed for a washout period to avoid confounding effects from the continuous exposure until collection of placental tissue. Numbers of breeders used were 8, 8, and 7, in C, BPA, and BPS groups, respectively. Numbers of singleton:twin pregnancies were 6:2, 5:3, 6:1, in C, BPA, and BPS groups, respectively. Numbers of female:male fetuses were 6:4, 6:5, 4:4, in C, BPA, and BPS groups, respectively. The mother was considered the experimental unit.
Sample collection and placental characterization
Maternal serum samples were collected in all pregnant females (n = 23) every 2 weeks from GD 30-120 for hormonal, protein, and biochemical analyses, and frozen until assayed. To assess placental endocrine function, pregnancyassociated glycoprotein 1 (PAG1) and pregnancy-specific protein B (PSPB) were measured in all maternal samples. In addition, progesterone was assayed at GD45, GD75, and GD105 of pregnancy. To determine effects of bisphenols on maternal physiological status, a serum biochemistry panel was carried out in GD75 samples. Details of these assays are described below.
Placental samples were collected on GD 120 ± 1 (term ~ 147 days). All mothers were euthanized with a barbiturate overdose (sodium pentobarbital, i.v.; Fatal Plus; Henry Schein, Melville, NY, USA). A midline incision was performed, the uterus exposed, and the placenta harvested until further processing. All placentas were weighed, and number of placentomes counted and classified as types A, B, C, or D, as previously described (Beckett et al. 2014) . A type A placentome next to the umbilicus was collected and the maternal and fetal portions of the placentome separated and frozen immediately. The placenta was then perfused with Carnoy's fixative. A placentome near the umbilicus was placed in Carnoy's fixative for 24 h and processed for paraffin embedding. All placentomes (one per pregnancy) were sectioned (5 µm) with a microtome and center cross sections of the placentome used for histological (placental stereology and binucleate cell counts) and immunohistochemistry (e-cadherin and GCM1) studies. Frozen placentomes were used to assess gene expression.
Hormonal, biochemical, and protein circulating concentrations
Two commercially available assays were used to measure PAGs in this study: the enzyme-linked immunosorbent assay (ELISA) BioPRYN assay (BioTracking Inc., Moscow, ID, USA) and the Bovine Pregnancy Test Kit (IDEXX Laboratories, Westbrook, ME, USA). Ruminant species have over 20 variants of PAGs and each of these ELISA kits detects a different subset of PAG variants.
The presence of pregnancy-specific protein B (PSPB) in serum was determined using the commercially available quantitative ELISA BioPRYN assay as previously described (Roberts et al. 2017) . In brief, serum samples (150 µL) were incubated in a 96-well plate coated with PSPB antibodies overnight. After washing and dry blotting, each well was incubated with the detector solution (secondary labeled antibody) for 1 h, washed, and incubated with the enhancer solution (anti-IgG horseradish peroxidase conjugate) for 1 h. After washing, each well was incubated with 3,3,5,5′-tetramethylbenzidine for 15 min and the reaction stopped with 1N HCl. Within 30 min, the plate was read at 630 nm (SpectraMax 384 PLUS, Molecular Devices, Sunnyvale, CA, USA). All procedures were done at room temperature. Standard line was accepted with a fit R 2 > 0.989. Mean intraassay coefficient of variation (CV) based on two quality control pools was < 1 and 2%. The inter-assay CVs for the same quality control were 4.7 and 14.2%, respectively.
The Bovine Pregnancy Test Kit (IDEXX Laboratories) was used to semi-quantitatively determine PAG1 and has been validated for ovine species as previously described (Roberts et al. 2017) . This kit detects the variants PAG-4, PAG-6, PAG-9, PAG-16, and PAG-19. Here, we use the term PAG1 to refer to the group of modern PAGs detected by this assay and secreted by the binucleate cells of the placenta (Sousa et al. 2006) . In brief, maternal serum (100 µL) and assay controls (positive and negative) were pipetted into 96-well, anti-PAG antibody-coated plates along with sample diluent, sealed, and incubated for 60 min at 37 °C in a forced air incubator (Mini-Hybridization Oven, Hybaid, Franklin, MA, USA). Between assay steps, plates were washed 4 times with wash solution (405 LS Washer, BioTek, Winooski, VT, USA). The detector solution (anti-PAG antibody) was added to each well, covered, and incubated for 30 min at room temperature. The plates were incubated for 30 min at room temperature with conjugate solution (anti-IgG-horseradish peroxidase) followed by an incubation with substrate solution (tetramethylbenzidine) for 15 min at room temperature. Finally, stop solution was added and absorbance (450 nm) determined on a microtiter plate spectrophotometer (Elx808, BioTek, Winooski, VT, USA). Sample values were reported as serum sample minus negative controls after subtracting the mean absorbance value of the negative controls from the absorbance of each sample value. The intra-plate and inter-plate CVs for the positive controls were 2.7 and 6.3%, respectively.
Progesterone concentrations in serum were determined using a commercially available direct, competitive ELISA assay (Ridgeway Science, Gloucestershire, United Kingdom) following manufacturer's instructions. Briefly, standards (0.6-15.0 ng/mL), serum samples, and a plate control (10 ng/mL) were diluted 1:20 with progesterone-enzyme conjugate and 200 µL pipetted into anti-progesterone-coated 96-well plates in duplicate. Plates were sealed with adhesive plate seals and incubated at 37 °C for 2 h on a rotating shaker at 250 rpm/min. After incubation, plates were washed five times, allowing buffer to sit in plates 2 min between each wash. After washing, 200 µL of the substrate was added and plates incubated for 30 min at room temperature in the dark. Absorbance (550 nm) was read using a microtiter plate spectrophotometer (Elx808, BioTek, Winooski, VT, USA). Progesterone concentrations for each sample and plate control were calculated from the standard curve generated with a four-parameter logistic regression model (Gen5 2.06.10, BioTek, Winooski, VT, USA). Intra-and inter-plate CVs for the plate control were 3.6 and 8.1%, respectively.
Full biochemistry analyses (total protein, albumin, globulin, serum ions (Na + , K + , Cl − , P, Mg 2+ , Ca 2+ , and I − ), total bilirubin, anion gap, osmolarity, cholesterol, creatinine, urea nitrogen, alkaline phosphatase, aspartate aminotransferase, creatine kinase, and γ-glutamyltransferase) were performed at the American Association of Veterinary Laboratory Diagnosticians (AAVLD) accredited Diagnostic Center for Population and Animal Health (DCPAH) at Michigan State University.
Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA from placental tissue was extracted from the maternal portion of a type A placentome (most common type in all pregnancies) using a RNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. The fetal portion of the placentome is highly vascularized and was not used for mRNA extraction. A Nanodrop (Thermo Fisher Science, Wilmington, NC, USA) was used to assess RNA quality and concentration. RNA (1 µg; A260/ A280: 2.0 ± 0.05; RNA concentration: 300 ± 50 ng/µL) was reverse transcribed into cDNA using a High Capacity cDNA Reverse Transcription Kit (Promega, Madison, WI, USA). Quantitative real-time PCR (ABI-Quant Studio 7 Flex Real-Time PCR System, ThermoFisher, Carlsbad, CA, USA) was performed to examine the mRNA expression of the genes related to trophoblast fusion: envelop Jaagsiekte sheep retrovirus (enJSRV) and hyaluronoglucosaminidase 2 (HYAL2). Primer sequences are shown in Supplemental Table 1 and designed using the Ovis aries genome. Fast start SYBR green master mix (Invitrogen, Warrington, UK) was used for qPCR. The amplification reaction included template denaturation and polymerase activation at 95 °C for 30 s, followed by 40 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for 30 s, and extension at 72 °C for 30 s. Melt curve analyses were performed for all genes, and the specificity, as well as the integrity of the PCR products was confirmed by the presence of a single peak. For all genes, an agarose gel was run to assess single product amplification. The levels of mRNA encoding the indicated genes were normalized against housekeeping genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and ribosomal protein L27 (RPL27) to calculate relative fold change to that of the control using the 2 −ΔΔCT method (Schmittgen and Livak 2008) . Results using both housekeeping genes provided with the same results, but only GAPDH data are shown.
Histology and immunohistochemistry
Staining was performed on 5-µm serial cross sections of paraffin embedded placentomes. One section from each placentome was stained with hematoxylin and eosin for histological examination. In brief, sections were deparaffinized in xylene, rehydrated, incubated in Mayer's hematoxylin for 3 min and eosin for 30 s, dehydrated in ethanol and mounted with acrytol mounting medium. For immunohistochemistry, sections were deparaffinized in xylene, rehydrated through an ethanol series, treated with 3% hydrogen peroxide, and antigen retrieved using an EMS 2100 Retriever (Hatfield, PA, USA) with sodium citrate buffer. Sections were then subjected to a streptavidin and biotin block (SP-2002, Vector Laboratories, Burlingame, CA, USA), followed by 4% normal goat serum in phosphate buffered saline (PBS) block. Details of antibody information are listed in Supplemental Table 2 . Mouse anti-e-cadherin and mouse anti-GCM1 primary antibodies were incubated at 4 °C overnight, and biotinylated Wisteria floribunda lectin was incubated at room temperature for 30 min. Biotinylated goat anti-mouse IgG secondary antibody was applied to e-cadherin and GCM1 sections. All sections were subjected to Vectastain ABC peroxidase kit (#PK-6100, Vector Laboratories, Burlingame, CA, USA) and visualized with a 2% 3,3′-diaminobenzidine (DAB) substrate solution. DAB development time was equal across all treatment groups. All sections for the same antibody were incubated at the same time so that staining intensity could be compared among samples of different treatment groups. Slides were then rehydrated through ethanol and xylene washes and mounted with acrytol mounting medium (#13518, EMS, Hatfield, PA, USA).
Image analysis
All images were captured using an Olympus BX41 microscope with an Olympus DP71 camera or a Leica DMLB microscope with a Leica DFC480 camera on a × 20 or × 40 objective lens. All imaging and analyses were conducted blind to treatment group. Unless otherwise noted, all images were taken within the feto-maternal interface of the placentome. The selection of the interface for image acquisition was done to avoid skewed contributions from the maternal or fetal compartments. Systematic random images (10 per placentome section/animal) of hematoxylin and eosin stained placentome sections were obtained across the placentome for stereological examination. Using a 256-square grid overlay with a tissue area of 140.6 mm 2 , the contribution of intervillous space area and area of maternal and fetal compartments was assessed. At each grid intersection, the tissue was classified as fetal, maternal, or intervillous space. Results for all 256 intersections were summed for each individual, averaged to treatment group, and presented as a percent relative to the total area at the feto-maternal interface. Systematic random images (10 per placentome section/animal) were captured for e-cadherin, GCM1, and lectin (stain for binucleate cells). Image analyses for e-cadherin and GCM1 were performed by selection and identification of DAB-positive stain area using the Fiji software immunohistochemistry analysis plugin "IHC toolbox" (Schindelin et al. 2012) . Binucleate cells were manually identified and counted as such when lectin stain was present in uni-or binucleate cells or absent in binucleate cells.
Maternal-to-fetal transfer of BPS
A pilot study to assess maternal-to-fetal placental transfer of BPS was conducted. At GD 117-118, two pregnant sheep (both carrying a singleton male fetus) underwent surgery to place catheters in the descending aorta and inferior vena cava as previously described (Ehrhardt et al. 2002) . In brief, fasted animals were sedated using xylazine (0.2 mg/kg) and anesthetically induced with ketamine (8 mg/kg). Anesthesia was maintained using inhaled isoflurane (2% vaporized). After sterile preparation of surgical site, a midline laparotomy was performed for uterine access. Through a small hysterotomy in the uterine horn, the fetal hind limb was isolated by external uterine palpation, and exposed past the tibio-tarsal joint. The cranial tibial vein was isolated with fine forceps, and catheterized with a polyvinyl catheter (Saint-Gobain Performance Plastics, Beaverton, MI, USA; inner diameter: 0.86 mm, outer diameter: 1.37 mm). The catheter was threaded through the cranial tibial vein into the inferior vena cava (20 cm) and secured laterally to the fetal hind limb using a non-absorbable suture (silk, USP 3-0). The uterine incision was closed with an absorbable monofilament suture (polyglycolic acid, USP 0) using an inverted pattern finished with a single Cushing suture to avoid peri-uterine adhesion. Catheters were exteriorized through a small incision (1 cm) in the flank of the animal nearest to the hysterotomy. Muscle and peritoneum were closed using absorbable suture material (polyglycolic, USP 1) in an interrupted pattern. Midline skin incision was closed using non-absorbable suture (silk, USP 0) in an interrupted mattress pattern. Catheter patency was maintained through daily flushing with sterile saline, followed by heparinized saline. Fetuses all received injections (i.m.) and amniotic infusions of penicillin G (300,000 U) at the time of surgery, and every 2 days after surgery. Additionally, all ewes received penicillin G (6000 U/kg BW) and gentamycin sulfate (2 mg/kg BW) 24 h before surgery, at the time of the surgery, and every 12 h for 3 days after surgery. 1 week after surgery, a single injection of BPS (0.5 mg/kg BW, s.c.) was administered to the pregnant female and fetal arterial blood samples were collected 1 h after the BPS administration. Fetal arterial blood samples collected prior to maternal BPS administration were used as their baseline control. In addition, blank samples (double distilled water) were collected to assess potential BPS contamination from sampling collection materials. All samples were processed in glass vials with glass Pasteur pipets, stored in glass vials, and kept frozen until assayed.
Bisphenol S analysis
BPS (analytical standard) and the internal standard 13 C 12 -BPS were purchased from Sigma Aldrich (St. Louis, MO, USA) and Cambridge Isotope Laboratories (Andover, MA, USA), respectively. An API 4500™ electrospray QTRAP mass spectrometer (ESI-MS/MS; Applied Biosystems, AB Sciex, Framingham, MA, USA) interfaced with an Agilent 1260 HPLC (Agilent Technologies Inc., Santa Clara, CA) was used for the analysis. A Zorbax SB-Aq (150 mm × 2.1 mm, 3.5 µm; Agilent Technologies Inc., Santa Clara, CA) column serially connected to a Javelin guard column (Betasil® C18, 20 × 2.1 mm, 5 µm) was used for the chromatographic separation of BPS using methanol and water as mobile phases. An isotopic dilution method was used for the quantification of BPS. BPS was extracted from sheep serum and other fluids by a liquid-liquid extraction method (Liao et al. 2012a ) with slight modifications. Briefly, 250 µL of serum was transferred into a 15-mL polypropylene tube and spiked with 20 ng of the internal standard (IS). Five hundred microliters of 1.0 M ammonium acetate buffer (pH 5.5) that contained 22 units of β-glucuronidase was added and digested at 37 °C overnight (~ 15 h) in an incubator shaker. The samples were extracted twice with 10 mL (2 × 5 mL) of ethyl acetate by shaking in a mechanical shaker for 2 h. The extracts were combined and washed with 1 mL of ultra-pure water and centrifuged at 4500×g for 10 min. The ethyl acetate layer was transferred into another 15-mL tube and concentrated to near-dryness under a gentle nitrogen stream. Then, 250 µL of methanol was added, vortex mixed, and transferred into a vial for HPLC-MS/ MS analysis. For every 15 samples, a procedural blank, a matrix blank (human sera, Sigma Aldrich, St. Louis, MO, USA) and a matrix spike experiment were performed. The matrix spike recoveries ranged between 85.0 and 98.9% and the mean absolute recovery for the assay of IS was 90%. The instrumental LOD and LOQ were 0.02 and 0.07 ng/mL, respectively. Trace level (0.005 ng/mL) of BPS was found in procedural blanks (n = 4) and that value was subtracted from all samples.
Statistical analysis
All data are presented as mean ± SEM. Appropriate transformations were applied, as needed, to account for normality of data. Comparisons among the three treatment groups were analyzed by a mixed model or ANOVA with Tukey post hoc tests with number of fetuses as a covariate using PASW Statistics for Windows release 18.0.1. Differences were considered significant at P < 0.05.
Results
Gestational BPS disrupts placental endocrine function
Pregnant sheep exposed to BPS daily from GD30 to GD100 had reduced maternal serum concentrations of trophoblastic proteins PAG1 and PSPB (Fig. 1) reflective of impaired placental endocrine function. This effect was significant from GD75 to GD90 for PAG1 (Fig. 1a , P < 0.05) and from GD60 to GD90 for PSPB (Fig. 1b , P < 0.05). Gestational BPA exposure did not have an effect on maternal PAG or PSPB plasma concentrations. Discontinuation of the BPS exposure at GD100 resulted in a partial recovery of both PAG1 and PSBP maternal serum concentrations. During late gestation, serum progesterone concentrations increase when progesterone secretion shifts from corpus luteum to placental origin. This normal physiological increase in serum progesterone levels tended to be lower in the BPS group in comparison to that of the control group (Fig. 1c) . Progesterone concentrations were unaffected by BPA exposure. Serum biochemistry analyses at GD75 did not find any significant differences in total protein, albumin, and globulin (Fig. 1d) . BPA-and BPS-exposed females had lower phosphorous compared to that of the control and creatinine was higher in BPS-exposed females compared to control and BPA-exposed females, although both phosphorous and creatinine were within normal reference values (Supplemental Table 3 ). All other biochemistry parameters studied were not significantly different among groups.
Maternal-to-fetal transfer of BPS
One hour after a single injection of vehicle (corn oil) or BPS (0.5 mg/kg BW, s.c.) to the pregnant animal, BPS concentrations in fetal arterial blood samples were 0.02 ng/mL (LOD) in both control fetuses and 4.9 and 10.6 ng/mL in the two BPS fetuses. Mean BPS concentration in blank samples that had not been in contact with collection materials was 0.020 ± 0 ng/mL. Mean BPS concentration in blank samples that had been in contact with collection materials (fetal catheter and collection syringe) was 0.038 ± 0.017 ng/mL.
Gestational BPS does not affect placental gross morphology and histology
Histology of placentomes and placental membranes did not reveal pathological signs of fibrosis, picnosis, necrosis, or active inflammation ( Fig. 2; top right) . Gestational exposure to BPA or BPS did not alter placental weight when compared to that of the control group, but tended to be higher in BPS versus BPA group (P = 0.07; Fig. 2c ). Placentome count assessed at the time of collection showed no significant difference in the number of placentomes among treatment groups (Fig. 2d) . All placentomes were of types A for all placentas with the exception of one BPS-exposed placenta that had ~ 20% type C or D placentomes (data not shown). There was no difference in fetal or maternal tissue contribution or intervillous space at the feto-maternal interface among treatment groups (Fig. 2e) . We have previously reported that gestational BPS exposure resulted in lower biparietal diameter in male fetuses, without fetal body weight differences (Pu et al. 2017) . 
Gestational BPS impairs the syncytialization signaling pathway
To examine if the reduction in maternal placental function reflected a reduced trophoblastic function in vivo, the syncytialization signaling pathway was explored in GD120 placentomes (20 days after chemical exposure had ended). Primarily localized in the fetal trophoblastic region of the placentome, e-cadherin immunostain was significantly reduced in the BPS group (Fig. 3A) compared to the control and BPA-exposed groups. mRNA expression of genes involved in trophoblast cell fusion [enJSRV (P = 0.06) and HYAL2 (P < 0.05)] were also downregulated in BPS-exposed placentas compared to that of the control group (Fig. 3B) . GCM1 immunostain was significantly increased in prenatal BPS exposure when compared to the control and BPAexposed groups (Fig. 4) .
Gestational BPS reduces binucleate cell population
To assess the role that changes observed in cell adhesion and fusogenic proteins expression had on steroidogenic placental cell populations, binucleate cells were identified with lectin stain (Fig. 5A ) and quantified in GD120 placentomes. A significant reduction (22.8%; P < 0.02) in trophoblast-derived binucleate cell number was observed in BPS-exposed placentas when compared to the control group (Fig. 5B) . No significant change was observed in the BPA-exposed group.
Discussion
The effects of EDCs on placental function remain poorly understood. In this study, we evaluated placental endocrine and trophoblast fusogenic function in sheep exposed to BPA 4 Representative images of placentome cross sections immunostained against GCM1 (top) and respective processed images for imaging analyses (bottom) in control (left), BPA-(middle) and BPS-(right) exposed females at GD 120 (20 days after discontinuation of exposure). GCM1 protein (mean ± SE) quantification in control (open bars), BPA-(gray bars) and BPS-(closed bars) exposed females by immunohistochemistry. N = 6-7/group. Ten images studied per placentome. Different letters denote statistical differences among treatment groups at P < 0.05 1 3
or BPS during pregnancy. Our comparative experimental design demonstrates for the first time the deleterious effects that BPS can exert on placental function. We have demonstrated that mid-gestation exposure to BPS results in impaired endocrine placental function, reduction of binucleate cells, downregulation of the cell-to-cell adhesion protein e-cadherin, genes involved in trophoblast fusion (enJSRV and HYAL2), and compensatory upregulation of the fusogenic transcription factor GCM1 (Fig. 6) . Importantly, at the same exposure dose, gestational exposure to BPA did not result in an abnormal placental phenotype. We also demonstrated that BPS can cross the placental barrier and reach the developing fetus. Overall, this study proves that the placenta is susceptible to BPS, highlights the intrinsic differences among bisphenolic chemicals, and the need to further investigate the safety of BPA analogue exposures on placental function in humans.
Gestational BPS impairs placental endocrine function
Gestational exposure to BPS reduced maternal circulating levels of pregnancy-associated glycoproteins (PAG1 and PSPB). PAGs are proteins from the aspartic proteinase family that are secreted by the trophoblast layer of the ruminant placenta (Sousa et al. 2006) . Although PAGs biological significance remains elusive, these proteins are required for pregnancy maintenance in ruminants (Wallace et al. 2015) . Because factors such as heat stress can reduce circulating PAGs (Thompson et al. 2013 ) and reduction in circulating PAGs have been associated with early and late pregnancy loss in cattle (Pohler et al. 2016) , PAGs have been proposed as biomarkers for pregnancy health in ruminant species (Wallace et al. 2015) . Our results further support this premise given that mothers were otherwise healthy (no alterations in the biochemical profile). The recent discovery of the presence of an aspartic proteinase in the human placenta, homologous to PAGs in other domestic species (Majewska et al. 2017) , opens the opportunity to use PAGs as biomarkers in the context of human placental pathology. The effect of BPS on circulating progesterone further supports a compromise in placental endocrine function. However, this effect was time dependent. BPS did not affect plasma progesterone concentration during early BPS-induced placental dysfunction working model. Trophoblast cell fusion is a cAMP-activated protein kinase A (PKA) pathway which triggers the expression of the transcription factor glial cell missing factor 1 (GCM1). GCM1 in turn stimulates transcription activity of fusogenic genes, such as endogenous retrovirus envelope genes (ERVW). ERVW genes, such as enJSRV in sheep, can promote cell fusion, resulting in binucleate cell formation. However, before cell fusion can occur, cell-to-cell communication between two adjacent cells has to take place. E-cadherin, a transmembrane protein, facilitates cell-to-cell communication by the formation of adherens junctions in trophoblast cells (red cellular membranes). Under physiological conditions (left side), e-cadherin expression facilitates cellto-cell communication enabling trophoblast fusion to occur and binucleate cells to form, resulting in normal placental endocrine function. Our findings demonstrate that gestational BPS exposure (right side) results in lower placental e-cadherin expression, preventing the formation of adherens junctions required for cell fusion and thus reducing the number of binucleate cells and expression of fusogenic genes (enJSRV and HYAL2). Altogether, this results in placental endocrine dysfunction. We hypothesize that the upregulation of GCM1 expression is a compensatory mechanism to overcome reduced trophoblast fusion rate. (Color figure online) mid-gestation, but rather during late mid-gestation. The lack of change in the early mid-gestation phase (GD45-GD75) is likely due to a relatively stable secretion of progesterone until GD75 in sheep (Bedford et al. 1972 ) of mainly ovarian origin (Harrison and Heap 1978) . Under physiological conditions, progesterone continues to increase through the late mid-gestation phase reflecting a physiological shift from ovarian to placental production of progesterone at mid-gestation (Harrison and Heap 1978) and continues to increase until birth (Bedford et al. 1972) . BPS exposure halted progesterone's physiological increase through the late mid-gestation phase (GD75-GD105) supportive of an impaired placental endocrine function. Such an effect in progesterone concentrations during pregnancy has only been reported in a few EDCs in vivo. For instance, triclosan reduces progesterone leading to abortion, but only at high exposure doses (600 mg/kg/day) (Feng et al. 2016) . In humans and sheep, low maternal serum progesterone is linked to pregnancy complications of unknown etiologies, such as preterm birth and spontaneous abortions (Arck et al. 2007; Fylling et al. 1973; Schindler 2005; Van Calster et al. 2016) . Additional studies are necessary to elicit the involvement of EDCs in the development of these pregnancy complications. This study could not address if uninterrupted gestational exposure to BPS through pregnancy would have resulted in preterm delivery. To note is that progesterone supplementation is used in humans for preterm birth prevention in at-risk pregnancies (Newnham et al. 2014; Rundell and Panchal 2017) , which highlights the significance of placental progesterone homeostasis on pregnancy maintenance.
The longitudinal experimental design allowed us to track progression of the placental defect. Although the reduction in PAGs was not significantly different until GD60 (30 days after the start of the exposure), PAG1 concentrations began to be numerically lower 2 weeks (GD45) after the exposure begun. This indicates that a minimum exposure of 2 weeks for BPS to elicit a detectable change in placental endocrine function. Importantly, the discontinuation of the exposure (GD100) before tissue harvest (GD120) resulted in partial and full recovery in PAG1 and PSPB circulating concentrations, respectively. This is supportive of the reversibility of the observed effect. Since the numbers of binucleate cells were lower in BPS-exposed placentas at GD120, we hypothesize that the placenta has the ability to buffer a significant loss (∼ 20%) of endocrine cells while continuing to partially maintain endocrine function and pregnancy. This is similar to other organs such as the liver and kidney that can continue to compensate homeostatic balance despite significant cell loss (Barai et al. 2010; Shoup et al. 2003 ). More information is required to understand the limitations of this buffering ability in the placenta and the threshold to successfully overcome a significant loss of placental endocrine cells.
We have demonstrated that BPS can cross the ovine placental barrier and reach fetal circulation. In this study, BPS fetal concentrations reached ~ 7 ng/mL (1 h after maternal administration), which is 100-fold higher compared to human fetal circulation (0.03-0.12 ng/mL) (Liu et al. 2017) . These findings support human transplacental transfer of BPS reaching fetal circulation (Liu et al. 2017) and are similar to those observed in BPA-exposed fetuses (Veiga-Lopez et al. 2013) . We have previously reported that fetal biparietal diameter tended to be lower in BPS-exposed males, but not females (Pu et al. 2017 ) despite a discontinuation of the exposure for 20 days prior to pregnancy termination. This suggests that fetal development may be directly affected by BPS (BPS can cross the placental barrier) or indirectly via placental endocrine dysfunction. Additional work is required to determine if BPS-induced placental defects result in longterm consequences for the progeny. Interestingly, we noticed that BPS had a stronger effect in placentas from male fetuses for many of the outcomes studied (binucleate cell number, GCM1, e-cadherin) than in placentae from female fetuses. However, due to the number of animals per group (n = 7-8), results have been presented for all pregnancies combined.
Gestational BPS disrupts trophoblast fusogenic function
In sheep, placental endocrine function at the cellular level is dependent on trophectoderm derived uni-and bi-nucleate trophoblast cells. During placentation, ovine trophoblast cells undergo homokaryotic fusion to form binucleate trophoblast cells through a similar event to that of human syncytiotrophoblast formation (Huang et al. 2014; Koshi et al. 2012) . One of the first events in cell fusion is the formation of adherens junctions between adjacent cells. This process is facilitated by the transmembrane protein e-cadherin, whose expression is reduced upon gestational exposure to BPS. We have not investigated the mechanism by which BPS results in e-cadherin downregulation. To date, underlying mechanisms by which bisphenols can modulate e-cadherin expression in the placenta remain unclear (Borman et al. 2017 (Borman et al. , 2015 Wang et al. 2015) , although inhibition experiments have pointed out to the estrogen receptor 1 (ESR1) as the mechanism by which BPA modulates e-cadherin in hemangioma cells (Zhai et al. 2016) .
Loss of e-cadherin naturally occurs in human pregnancies between the first and second trimester (Zhou et al. 1997) . Lower than normal expression has also been reported in placenta accreta (Duzyj et al. 2015) , placenta percreta (Incebiyik et al. 2016) , and placentas of somatic cell nuclear transfer-derived embryos (Kohan-Ghadr et al. 2011) . Additionally, a down regulation of genes encoding cadherin-associated protein (CTNNAL) have also been reported in preeclamptic placentas complicated with hemolysis, elevated liver enzymes and low platelets (HELLP) syndrome (Buimer et al. 2008) . The loss of e-cadherin hampers the fusogenic ability of the placenta resulting in aberrant cell adhesion, initiation of an invasive phenotype, and ultimately may result in trophoblast cells undergoing epithelial to mesenchymal transition (Kokkinos et al. 2010 ). This is a common phenomenon observed in carcinoma invasiveness (Peinado et al. 2007; Schmalhofer et al. 2009) . In this work, we have not further explored the tumorigenic nature of the exposure to BPS. However, other EDCs such as phthalates and BPA have been reported to trigger epithelial to mesenchymal transition in colorectal cancer cells (Chen et al. 2015) and ovarian cells (Kim et al. 2015) . Although e-cadherin expression is required prior to cell fusion, its expression is reduced during cell fusion (Coutifaris et al. 1991) . Given the reduced number of binucleate cells observed upon gestational BPS exposure, the lower e-cadherin expression is unlikely to be reflective of higher cell fusion events.
The observed reduction in e-cadherin protein and mRNA expression was accompanied by an upregulation of the transcription factor GCM1 in BPS-exposed placentas. Trophoblast cell fusion is controlled by a cAMP-mediated process which activates the transcription factor GCM1. GCM1, in turn, stimulates transcription activity of fusogenic genes, such as syncytin-1, encoded by endogenous retrovirus envelope genes (ERVW). The ovine homolog for syncytin-1 is enJSRV (Black et al. 2010) , which tended to be downregulated by BPS. HYAL2, a cellular receptor for enJSRV (Rai et al. 2001 ) and exclusively expressed in binucleate cells (Dunlap et al. 2005) , was also downregulated. The cell-to-cell fusion cascade is triggered by ERVW genes in both humans and ruminants (Black et al. 2010; Huang et al. 2014) . Blocking the expression of ERVW in sheep results in a slower trophectoderm growth and inhibition of binucleate cell differentiation during the preimplantation period (Dunlap et al. 2006) . GCM1 is a critical factor for normal placentation across mammalian species, as homozygous GCM1 knockout mice are embryonic lethal, present with an absent or amorphous placental labyrinth, and do not form a syncytiotrophoblast layer (Anson-Cartwright et al. 2000) . Additionally, expression of GCM1 is repressed during the trophoblast fusion process (syncytialization) in humans (Kashif et al. 2011) , which is supportive of our findings and proposed compensatory mechanism (lower binucleate cell number and higher GCM1 expression; Fig. 6 ). Effects of GCM1 overexpression vary depending on the placental cell types (Hughes et al. 2004) ; it arrests trophoblast stem cells proliferation, blocks differentiation of trophoblast giant cells, but is not sufficient to induce formation of the syncytiotrophoblast (Hughes et al. 2004 ). Additional research is required to predict the phenotype that BPS-induced GCM1 overexpression may have on the human placenta.
Because binucleate trophoblast cells are responsible for the production of hormones such as progesterone, and pregnancy-associated glycoproteins in ruminant species (Wallace et al. 2015) , BPS-induced low binucleate cell number is likely the direct cause of the observed reduction in PAG1, PSPB, and progesterone. The direct effect of BPS on placental endocrine function is further supported by the recovery observed in circulating PAG1 and PSPB after the discontinuation of the BPS treatment. Importantly, this cellular loss was not associated with placental weight reduction, changes in placental gross morphology or histopathology, reflective of a specific endocrine disrupting effect. Loss of syncytiotrophoblasts, the human homolog for the ovine binucleate cells, occurs in reactive oxygen species states and has been observed in preeclampsia and placentas of IUGR pregnancies (Wu et al. 2015) . Additionally, apoptosis of syncytiotrophoblasts can be induced in hypoxic or reperfusion states (Wu et al. 2015) . Macroscopic and histologic evaluation of BPS-exposed placentas and placentomes did not reveal any evidence of hypoxia or necrosis. Further studies are required to evaluate the direct cause that lead to the loss of binucleate cells observed upon BPS exposure.
Gestational BPA does not affect placental endocrine function
In this study, BPA did not affect any of the endocrine or placental aspects investigated. The comparative experimental design and similar dose exposure levels used for both bisphenols help support previously reported differences in the mechanism of action and receptor affinities of both of these bisphenolic compounds (Grignard et al. 2012; Molina-Molina et al. 2013; Rosenmai et al. 2014) . However, this needs to be further investigated in the context of placental cells. The lack of effects on the placenta differs from previous work where mice exposed to BPA (50 mg/ kg/day) during early pregnancy resulted in reduction of the spongiotrophoblast layer of the placenta (Tait et al. 2015) . The difference between studies is likely due to the 100-fold difference in dose exposure, but could also relate to the species or route of exposure. Other aspects of placental function reported to be affected upon BPA exposure in vitro (AvissarWhiting et al. 2010; Lan et al. 2017; Rajakumar et al. 2015; Spagnoletti et al. 2015) need further validation in an in vivo model.
Conclusion
This study demonstrates, for the first time, detrimental effects of gestational BPS, but not BPA, exposure on placental development and endocrine function. This work adds to prior work demonstrating that BPS can affect endocrine organs (LaPlante et al. 2017 ) and highlights intrinsic differences between the two bisphenolic compounds, BPA and BPS. Further research is required to evaluate the safety of BPA analogues.
